This paper deals with a new dynamic decoupling principle, which is a symbiosis of mechanical and control solutions. It is carried out in two steps. At first, the dynamic decoupling of the manipulator involves connecting to initial structure a twolink group forming a Scott-Russell mechanism. The opposite motion of links in the Scott-Russell mechanism combined with optimal redistribution of masses allows the cancellation of the coefficients of nonlinear terms in the manipulator's kinetic and potential energy equations. Then, by using the optimal control design, the dynamic decoupling due to the changing payload is achieved. It becomes relatively easy because in the modified structure of the manipulator with two-link group the coupling and the nonlinearity has been cancelled. The suggested design methodology is illustrated by simulations carried out using ADAMS and MATLAB software, which have confirmed the efficiency of the developed approach.
Introduction
Dynamic complexity, such as coupling and nonlinearities is major and it creates problems in the control of manipulator arms. These complex natures of the manipulator dynamics largely come from the payload effect, although they depend upon configuration and operating speed of the manipulator. This problem is critical in robot manipulators designed for high speed applications which have particularly prominent dynamic complexity. The complicated dynamics results from varying inertia, interactions between the different joints, and nonlinear forces such as Coriolis and centrifugal forces. Nonlinear forces cause errors in position response at high speed, and have been shown to be significant even at slow speed [1] . Therefore, in many cases, the reduction (or cancellation) of coupling and nonlinearity in the manipulators, as it has been shown in [2] [3] [4] [5] , is necessary.
Feedback linearization is a well-known approach used in controlling such nonlinear systems. The approach involves coming up with a transformation of the nonlinear system into an equivalent linear system through a change of variables and a suitable control input [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, it does not guarantee robustness in the face of parameter uncertainty or disturbances such as the payload to be picked up and carried by a robot. Besides that, the permanent tendency to decrease the computing time for the on-line control and as a result computation costs leads to the mechanical solutions permitting the decoupling of dynamic equations by means of an optimal redistribution of moving masses. The developed solutionscan be arranged in three principal groups: a) Decoupling of dynamic equations via actuator relocation. This approach is based on the kinematic decoupling of motions in manipulators when the rotation of any link is due to only one actuator [17] [18] [19] [20] [21] . In other terms, it should be assumed that the actuator displacements are a complete set of independent generalized coordinates that are able to locate the manipulator uniquely and completely. The design concept with remote actuation is easy to apply but it not optimal from point of view of the precise reproduction of the end-effector tasks because it accumulates all errors due to the clearances and elasticity of the belt transmission mainly used in this case. The manufacturing and assembly errors of the added transmission mechanism have also a negative impact to the robot precision. b) Decoupling of dynamic equations via optimum inertia redistribution [22] [23] [24] [25] [26] [27] . In this case, the dynamic decoupling can be achieved when the inertia tensors are diagonal and independent of manipulator configuration. Such an approach is applied to serial manipulators in which the axis of joints are not parallel. In the case of parallel axes such an approach allows a linearization of dynamic equations but not their dynamic decoupling [28] . Thus, in the case of planar serial manipulators, it cannot be used. c) Decoupling of dynamic equations via redesign of the manipulator by adding auxiliary links [29] [30] [31] . The modification of the manipulator design to achieve high-quality dynamic performance is a new promising tendency in the robotics. However, the design methodology used for such decoupling needs the connection of gears to the oscillating links. The gears added to the oscillating links of the manipulator are sources of shocks between teeth that will lead to the perturbation of the operation of the manipulator, to the noise and other negative effects.
It can therefore be concluded that all known mechanical solutions can only be reached by a considerably more complicated design of the initial structure via adding gears to the oscillating links leading to the revealed drawbacks. The above-mentioned methods provide purely mechanical solutions for dynamic decoupling of motion equations due to the moving masses of manipulator links. However, it is known that the changing payload leads to the perturbation of the dynamic decoupling of the manipulator. Unfortunately, all attempts to carry out a dynamic decoupling of manipulators taking into account the changing payload lead to an unavoidably complicated design. Various actuated counterweights should be applied. Such an approach is not viable.
This paper provides a new decoupling design concept which is a symbiosis of mechanical and control solutions. It is carried out in two steps. At first, the dynamic decoupling of a serial manipulator is achieved via the optimum design of the arm linkage, which consists in the adding of a sub-structure forming with the initial links of the manipulator a Scott-Russell mechanism. Then, the decoupling of dynamic equations is achieved by means of optimal redistribution of moving masses. Such a solution proposed for the first time allows one to carry out the dynamic decoupling without connection of gears to the manipulator links. The elimination of gears from design concept is one of the main advantages of the suggested solution. Thus, the modification of the manipulator structure permits to transform the original nonlinear system model into a fully linear system without using the feedback linearization technique [32] .Then, the dynamic decoupling of motion equations due to the changing payload is carried out via control technique.
It is important to emphasize that the obtained linearized dynamic of the manipulator via adding of a sub-structure, proposed in the present study, leads to the relatively simple equations. Therefore, they are easier to analyze for further dynamic decoupling taking into account the changing payload. In other terms, the proposed mechanical solution leads to the linearized equations of the manipulator, which then facilitate the optimal control design for decoupling of dynamic equations taking into account the changing payload. In this case, there is no need to use the online control. This is a second main advantage of the suggested solution.
Such an approach is promising because it combines the advantages of two different principles: mechanical and control. Figure 1 shows an improved version of the same arm linkage, which consists of two principal links AB, BP and a sub-group with links BC and CD. The movements of this manipulator are planar motions which are perpendicular to the vertical plane, and therefore, in the present study, not subjected to gravitational forces. The slider D can slide freely along the link AB, and it's connected with link CD by revolute joint D. Thus, the added subgroup with links BC, CD and the slider forms with link BP of the original structure a Scott-Russell mechanism. The Scott Russell mechanism [32] has been invited to generate a theoretically linear motion by using a linkage form with three portions of the links all equal, and a rolling or sliding connection. In this paper, another property of this mechanism is used. The Scott Russell linkage generates also rotations of links by identical angular accelerations, i.e. the angular accelerations of links BC and CD are similar. 
Conditions of dynamic decoupling via adding a two-link group
where, m 1 , m 2 , m 3 , m 4 are the masses of link AB, CP, CD and slider D; I s1 , I s2 , I s3 , I s4 are the axial moments of inertia of link AB, CP, CD and slider D; L 1 , L 2 , L 3 are the lengths of link AB, CP, CD and L 3 also the distance between centers of revolute joints B and C; L AS1 is the distance between the center of mass S 1 of link AB and joint centerA; L BS1 is the distance between the center of mass S 2 of link CP and joint centerB; L BP is the distance between the joint center B and the center P of the end-effector; L CS3 is the distance between the center of joint C and center of mass of link CD.
Thus, the equations of motion can be written as: 
where i 1 is angular displacement of link AB relative to the base; i 2 is angular displacement of link CP relative to link AB; i 1 is angular velocity of link AB relative to the base; i 2 is angular velocity of link CP relative to link AB; i 1 is the angular acceleration of link AB relative to the base; i 2 is the angular acceleration of link CP relative to link AB.
In order to obtain a statically balanced sub-group with links CP and CD, the following conditions must be achieved [34] :
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Thus, the obtained results show that the 2-dof planar serial manipulator with added two-link group forming a Scott-Russell mechanism can be fully dynamically decoupled.
Dynamic decoupling taking into account the payload
The mentioned dynamic decoupling of the equations of motion corresponds to the manipulator without payload. However, the introduction of the changing payload creates the variable loads on the actuators, which are also nonlinear.
First, let us consider the total kinetic energy of the system with payload: Then, according to Lagrangian dynamics, the equations of torques of the manipulator with payload can be considered. In this case, the equations of the manipulator balancing can be written as follows [35] : 
Compared with equations (17), the additional anticipations which are called the payload compensation can be found: 2 
then, the equations (19) can be rewritten as: τ τ τ τ τ τ (20) will be cancelled, the dynamic decoupling of this manipulator with payload can be accomplished. Let us now evaluate the effect of this assumption.
Computer simulation of example study
In order to examine the performance of the proposed approach, the simulations with payload compensation and without payload compensation are performed. 
The initial and final angles of the actuators are given:
, 0 (22) where, T is the amount of time taken to execute the proposed trajectories, 0 t T ≤ ≤ .
Open-loop control system
The open-loop control law can be written as: and the payload compensation is given by:
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First, to demonstrate the influence of the payload compensation, the open-loop control system is executed in MATLAB software, the scheme is shown in Figure 2 .
The dashed curves show the torques and the angular displacements (Figure 3 and 4) . It can thus be seen that there are errors between these two cases for tracking the desired trajectories.With payload compensation, both links AB and BP can rotate exactly to the target angles.
But without payload compensation, the errors of angular displacements of link AB and BPare respectively 43.2% and 86.6%. Thus, the effect of feedforward control taking into account the payload is prominent. Thus a feedback control is needed to reduce the influence due to the deletion of the payload compensation.
Closed-loop control system
The closed-loop control law can be written as:
are given by the equation (24).
The constant gain elements 11 12 21 , , g g g and 22 g are obtained by an optimal poleplacement design through state feedback. The state space representation of the manipulator, which is statically balanced, will be written as:
The controllable canonical form is given by two independent subsystems as follows:
A double integrator , the scheme of the closedloop system in the MATLAB software is shown in Figure 5 and the simulation results are presented at Figure 6 and 7.
As in the simulation of open-loop system, the dashed curves show the torques and the angular displacements of the manipulator without payload compensation and the solid curves show the same parameters with payload compensation (Figure6 and 7) .
Like in previous simulations, the payload compensation allows an exact reproduction of manipulator motions. However, with the feedback control, the errors of angular displacements of link AB and BP with payload compensation and without it (Figure7) (28) are 0.73% and 1.23% respectively. Thus the use of the feedback reduces prominently the errors.
Discussion
As mentioned above, the dynamic decoupling can eliminate the effect of the complicated dynamics results from varying inertia, interactions between the different joints, and nonlinear forces such as Coriolis and centrifugal forces. It has been shown that the tracking accuracy of the manipulator can be improved. To illustrate the advantages of the proposed solution, additional simulations of the initial structure of a 2-dof planar serial manipulator were performed. Focusing on the simulation results under the closed-loop system, for the initial structure, the positioning errors of the two actuated links AB and BP were 0.199% and 2.29%, respectively. These results have been obtained for simulations without payload. Then, the simulations with payload of 1 kg were performed. In this case, the positioning errors of the two actuated links AB and BP have been increased to 1.23% and 11.6%, respectively. So, these simulations showed that the proposed dynamic decoupling solution ensures a significant improvement in tracking accuracy.
Conclusion
This paper deals with a new dynamic decoupling principle, which is a symbiosis of mechanical and control solutions. It is carried out in two steps.
At first, the dynamic decoupling of the serial manipulator is accomplished via the Scott-Russell mechanism properties and optimal redistribution of masses. Thus, the modification of the mass redistribution allows one to transform the original nonlinear system model into a fully linear system without using the feedback linearization technique. Such a solution of the dynamic decoupling of motion equations via adding a two-link group and forming with initial structure a Scott-Russell mechanism is proposed for the first time. It allows one to carry out the dynamic decoupling without connection of gears to the manipulator links. The elimination of gears from design concept is one of the main advantages of the suggested mechanical solution.However, it is obvious that the changing payload leads to the perturbation of the dynamic decoupling of the manipulator. To ensure linearized and decoupled dynamics of the manipulator for any payload, an optimal control technique is applied. It should be emphasized that the proposed mechanical solution leads to the linearized equations of the manipulator, which then facilitate the optimal control design for decoupling of dynamic equations taking into account the changing payload. In this case, there is no need to use the on-line control. This is a second main advantage of the suggested solution.
Simulations of the proposed structure in the case of the openloop system, as well as the closed-loop system are performed. The numerical simulations with the feedback control show that the errors of angular displacements of the actuated linkswith payload compensation and without it are 0.73% and 1.23% respectively.
In order to illustrate the advantage of the suggested dynamic decoupling solution, the same simulations of a 2-dof planar serial manipulator with added two-link group and without it are also performed. According to the comparison between the simulation results of these two structures, it is revealed that the proposed
